Introduction
Macrophages are versatile, plastic cells that respond to environmental signals with diverse functional programs. In addition to classical or M1 macrophage activation in response to microbial products and interferon-␥, it was recently observed that anti-inflammatory molecules, such as glucocorticoid hormones, IL-4, IL-13, and IL-10, are more than simple inhibitors of macrophage activation in that they induce distinct M2 activation programs. [1] [2] [3] [4] [5] M1 macrophages are involved in type 1 reactions and are classically activated by microbial products, killing microorganisms and producing reactive oxygen and nitrogen intermediates. In contrast, M2 cells, involved in type 2 reactions, 4, 6 tune inflammation and adaptive immunity; promote cell proliferation by producing growth factors and products of the arginase pathway (ornithine and polyamines); scavenge debris by expressing scavenger receptors; and promote angiogenesis, tissue remodeling, and repair. M1 and M2 cells are extremes in a continuum of functional states. For instance, different forms of M2 cells have been described sharing an IL-12 low /IL-10 high phenotype with variable capacity to produce TNF, IL-1, and IL-6. 6 Tumors are diverse and so are their associated inflammatory reactions. When associated with established neoplasia, inflammation is usually polarized in a type 2 direction.
Tumors represent a unique example of the plasticity of macrophages, reflected by the ambivalent relationship between tumorassociated macrophages (TAMs) and cancer cells, originally expressed in the "macrophage balance" hypothesis. 4, 5 TAMs originate from circulating monocytes and their recruitment into tumors is driven by tumor-derived chemotactic factors. 4, 7, 8 Among these, CCL2 has been identified as a major chemokine inducing the recruitment of macrophages in a variety of murine and human tumors. 3, 7, 8 In addition, evidence suggests that the tumor microenvironment may also divert macrophage functions toward a protumoral phenotype. 4 These tumor-diverted macrophages play a key role in subversion of adaptive immunity and in inflammatory circuits that promote tumor growth and progression. 4, 6, 9, 10 Despite the fact that TAMs originate from prototypical inflammatory cells, a number of reports providing a partial characterization of their phenotype have suggested that these cells are strongly impaired in various functions related to inflammation, such as production of various inflammatory mediators. 4, 11, 12 Available information is consistent with a protumoral role for these cells, mainly based on their functional similarities with the immunosuppressive, M2-polarized macrophages. 6, 10 It has been hypothesized that TAMs, besides contributing actively to tumor-induced immunosuppression through subversion of innate and adaptive immunity, are also capable of affecting diverse aspects of neoplastic development, including vascularization, growth rate and metastasis, stroma formation, and dissolution. 4 A protumoral role of TAMs is consistent with studies from humans, wherein a high density/ number of TAMs is associated with poor prognosis in different cancers (cervix, prostate, breast, bladder). 13, 14 The present study was designed to characterize the transcriptional profile of TAMs obtained from a murine sarcoma 11 where these cells exert a protumor function. 15 The transcriptional program of TAMs was compared with those expressed by peritoneal macrophages (PECs) and myeloid suppressor cells (MSCs). PECs and TAMs are mature macrophage populations originating from common precursors, the circulating monocytes, whereas MSCs represent a prototypical M2 myeloid population. 16 Lipopolysaccharide (LPS) was used in the present study as a classic model of activation stimulus of macrophages interacting with TLR4, 17 a receptor that may also be triggered by components present in the tumor microenvironment (eg, hsp and derivatives of fibrinogen). [18] [19] [20] [21] Profiling of TAMs from a murine sarcoma revealed unexpected expression of IFN-inducible chemokines associated with an M2 phenotype (IL-10 high , IL-12 low ) and divergent regulation of the NF-B versus the IRF-3/STAT1 pathway.
Materials and methods

Cell culture
PECs, TAMs, and MSC-2 cells were cultured in RPMI 1640 medium containing 10% FCS, 2 mM glutamine, and 100 U/mL penicillinstreptomycin. The concentrations for the different agents used to activate the macrophage cultures were as follows: IFN-␥ (500 U/mL; Hoffmann-LaRoche, Basilea, Switzerland); LPS (100 ng/mL; lipopolysaccharide from Escherichia coli strain B05.55; Sigma, St Louis, MO). The MSC-2 line originated from Gr-1 ϩ splenocytes from mice immunized 6 days earlier with a recombinant vaccinia virus encoding mouse IL-2, as previously described. 22 
Preparation of PECs and TAMs
The study was reviewed and approved by the Istituto di Ricerche Farmacologiche Mario Negri (IRFMN) Animal Care and Use Committee (IACUC), which includes members ad hoc for ethical issues, in compliance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals and European Union (EU) directives and guidelines.
Male 8-week-old C57Bl/6 mice were obtained from Charles River Breeding Laboratories (Calco, Italy). PECs and TAMs were isolated on the same day under the same culture conditions. Mice were inoculated intramuscularly in the left hind limb with a total of 10 5 MN/MCA1 fibrosarcoma 11 cells per mouse. Tumor take was monitored and diameter of growing tumors was measured in centimeters twice a week by caliper. TAMs were isolated 3 weeks after tumor implantation, as described previously. 11 Briefly, solid tumors were disaggregated by stirring with 0.125% (wt/vol) Trypsin (Sigma) for 40 minutes at 37°C, followed by washing twice in incomplete RPMI 1640 medium. Cells (70 ϫ 10 6 ) were seeded in 140-mm Petri dishes (Cel Cult; Sterilin, Feltham, United Kingdom) in a final volume of 20 mL incomplete medium and, after 1 hour of incubation, nonadherent cells were vigorously washed off. The adherent cells were greater than 95% macrophages as assessed by morphologic and functional criteria. Contaminating cells were tumor cells, unidentified small mononuclear cells, and polymorphonuclear leukocytes. Immunofluorescence staining for macrophage markers (F4/80 and CD68) also confirmed the identity of the adherent populations. All culture reagents contained less than 0.125 endotoxin unit/mL as checked by Limulus amebocyte lysate assay (BioWhittaker, Walkersville, MD).
Peritoneal exudate cells were harvested from mice that had received injections of 500 L 3% (wt/vol) thioglycollate medium (Difco, Detroit, MI) 4 days prior to isolation, as described previously. 11 A total of 20 ϫ 10 6 macrophages were seeded in 140-mm Petri dishes (Cel Cult; Sterilin) in a final volume of 20 mL incomplete medium and, after 1 hour of incubation, nonadherent cells were thoroughly washed off with jets of medium. Monolayers were greater than 95% macrophages, assessed by morphologic criteria and by a monoclonal antibody to mouse CD68 (macrophage marker, clone FA-11, dilution 1:50; Hycult Biotechnology, Uden, The Netherlands) or an anti-mouse F4/80 antigen monoclonal antibody (clone C1:A3-1, dilution 1:50; Serotec, Oxford, United Kingdom). All cultures were maintained in complete RPMI 1640 medium. After adherence, cells were rested for 1 hour in standard culture conditions and subsequently used in our experiments.
Possible effects of trypsin (used to disaggregate the tumors) on the gene expression profile were ruled out based on the results of gene expression experiments performed on normal macrophages in the presence or absence of trypsin, under exactly the same conditions as used for tumor disaggregation. Microarray as well as real-time polymerase chain reaction (PCR) for some representative TAM genes showed no significant change in response to trypsin treatment (data not shown).
RNA isolation and cDNA microarray
Microarray analysis of PECs and TAMs was done using the 10K murine cDNA array slides provided by the Molecular Technology Center (National Cancer Institute, Frederick, MD). Briefly, RNA from PECs or TAMs was extracted by the TRIzol method, quantified by optical density (OD) measurement, and checked for degradation. Before using for microarray, reverse transcriptase-PCR (RT-PCR) was run on IFN-␥/LPS-treated PEC and TAM RNA to check the IL-12p40 ϩ /IL-10 Ϫ phenotype for TAMs. Total RNA from each sample (20 g) was labeled and purified using the LabelStar Array kit (Qiagen gmbH, Hilden, Germany) as per manufacturer's protocol. Hybridization of the denatured labeled cDNA probes onto the 10K array slides was carried out by incubation at 65°C overnight in a hybridization chamber, followed by serial stringency washing (1 minute in 1 ϫ SSC, 1 minute in 0.2 ϫ SSC, 10 seconds in 0.05 ϫ SSC) to remove excess dye. Thereafter, the dried slides were scanned with an Axon 4000 scanner (Axon Instruments, Foster City, CA) at a resolution of 10 m. The reference RNA was labeled by using cyanine 3-dUTP (Cy3), whereas the experimental RNA was labeled with cyanine 5-dUTP (Cy5), except for the reverse-labeled experiments, which were performed to remove dye bias from the analysis. In most cases, PEC samples were labeled for Cy3 dye, TAM samples were labeled for Cy5 dye (for PEC versus TAM experiments), untreated samples were labeled for Cy3 dye, and LPS-treated samples were labeled for Cy5 dye (for untreated versus LPS-treated experiments in PECs and TAMs).
Data mining and statistical analysis
Image analysis and the calculation of average foreground signal adjusted for local channel-specific background was performed with GenePix Pro 4.0 (Axon Instruments) software. Global normalization of each array was separately done to make the median value of log 2 ratios equal to zero. Finally, the image and signal intensity data were uploaded onto the online MADB facility 23 for data analysis. Cy5/Cy3 intensity ratios from each gene were calculated and subsequently normalized to ratios of overall signal intensity from the corresponding channel in each hybridization. The Cy5/Cy3 ratio represents the relative abundance of the genes in each experimental sample compared with the reference sample and hence provides quantitative measurements of the relative gene expression levels across all experimental samples. For all data filtering processes, genes qualifying for Cy5/Cy3 ratios greater than or equal to 2.5, or less than or equal to 0.4 were used as indicators of significantly different gene expression levels between 2 samples hybridized to the same array spot. All statistical analysis for the arrays was carried out using the MADB online facility. 23 Each experiment was performed twice with reciprocal BLOOD, 1 MARCH 2006 ⅐ VOLUME 107, NUMBER 5 For personal use only. on April 19, 2017 . by guest www.bloodjournal.org From labeling and 3 such independent experiments were performed to meet the statistical requirements. Minimum information about a Microarray Experiment (MIAME) and the entire data set for all microarray experiments are available on the MADB website 23 and NCBI-GEO 24 (accession no. GSE2098).
Real-time PCR
RT reaction from 1 g RNA template was performed using TaqMan reverse transcription reagents (Applied Biosystems, Piscataway, NJ) as per manufacturer's instructions. Real-time PCR was done using SyBr Green PCR Master Mix (Applied Biosystem, Piscataway, NJ) and detected by ABI-Prism 5700 Sequence Detector (Applied Biosystems, Foster City, CA). Data were processed using the GeneAmp software (Applied Biosystems, Foster City, CA) and normalized by actin gene expression levels. All real-time results were expressed as fold changes in mRNA expression with respect to the control cells. All results were normalized to the expression of the housekeeping gene ␤-actin in the PCR reactions. Data represented are from 3 independent experiments done in triplicate.
Immunoblotting
After the indicated treatments, PECs or TAMs were washed with ice-cold phosphate-buffered saline (PBS) containing 1 mM Na 3 VO 4 , then lysed in 50 L of lysis buffer (20 mM Tris-HCl, pH 8; 137 mM NaCl; 10% glycerol [vol/vol]; 1% Triton X-100 [vol/vol]; 1 mM Na 3 VO 4 ; 2 mM EDTA; 1 mM PMSF; 20 M leupeptin; and 0.15 U/mL aprotinin) for 20 minutes at 4°C. The lysates were centrifuged at 13 000g at 4°C for 15 minutes, and the supernatants (containing Triton X-100-soluble proteins) were run on a 10% (wt/vol) sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; 50 g protein/lane). Separated proteins were transferred onto a nitrocellulose membrane (1 h at 125 mA) and immunoblotted for specific antibodies as per manufacturer's instructions. Blocking was done with 5% (wt/vol) bovine serum albumin (BSA) in TBS-0.1% Tween (TBST) for 1 hour at room temperature. All antibody dilutions were prepared in 5% (wt/vol) BSA-TBST. Primary antibodies were used at 1:1000 dilution for overnight at 4°C. HRP-conjugated antirabbit secondary antibody (Amersham, Arlington Heights, IL) was used at 1:10 000 dilution for 1 hour at room temperature. Blots were visualized using an enhanced chemiluminescence (ECL) kit (Amersham, Arlington Heights, IL). The antibodies used were anti-phospho-STAT1 (Cell Signaling Technologies, Beverly, MA), anti-STAT1, anti-p65 NF-B, and antiactin (Santa Cruz Biotechnologies, Santa Cruz, CA). For the nuclear translocation of p65 NF-B proteins, extraction of nuclear proteins was done as described earlier. 25 
ELISA
Cell-free supernatants from untreated or LPS-treated (100 ng/mL) PECs and TAMs were harvested after 24-hour incubation and tested in sandwich enzyme-linked immunosorbent assay (ELISA) for the indicated cytokines/ chemokines. IL-6, TNF-␣, IL-10, CCL2, CCL5, CXCL9, CXCL10, and CXCL16 were quantified by ELISA kits from R&D Systems (Minneapolis, MN), as per manufacturer's instructions. Results were normalized between PECs and TAMs and expressed as ng/mL/2 ϫ 10 6 cells. Data are representative of 3 independent experiments done in triplicate.
Laser confocal microscopy
After indicated treatments, macrophage monolayers were cultured on rounded pyrogen-free glass coverslips, washed with permeabilized PBS, fixed with 4% (wt/vol) paraformaldehyde (SIGMA-Aldrich, St Louis, MO) for 20 minutes at room temperature, permeabilized, and blocked with 0.03% Triton-X100, normal goat serum (SIGMA-Aldrich), and 2% BSA (Amersham, Little Chalfont, United Kingdom) for 1 hour at room temperature. Thereafter, sections were washed with 0.2% BSA, 0.05% Tween 20 (Merck, West Point, PA) PBS and incubated with a rabbit polyclonal antibody (Ab) anti-IRF-3 (gift from Dr Takashi Fujita, Tokyo) at a dilution of 1:50 for 60 minutes or with the indicated antibody. Sections were extensively washed and subsequently incubated with an anti-rabbit IgG cross-adsorbed Alexa Fluor 647 conjugated antibody (Molecular Probes, Eugene, OR) diluted 1:1000 for 45 minutes at room temperature. For DNA detection, green SYTO 13 (Molecular Probes) plus RNAsi (SIGMA-Aldrich) was used. Sections were extensively washed with 0.2% BSA, 0.05% Tween 20 PBS; mounted with the FluorSave reagent (Calbiochem, San Diego, CA); and analyzed using an Olympus Fluoview 500 laser scanning confocal microscope (Olympus, Hamburg, Germany) and a UPLANSApo 60 ϫ/1.35 numeric aperture oil objective (Olympus). Images were captured and processed using Fluoview TV10-ASW application software for spectral analysis.
Immunohistochemistry and tissue laser confocal microscopy
For immunohistochemistry and tissue laser confocal microscopy, samples from tumor tissues were collected and frozen in liquid nitrogen. Ninemicrometer sections were cut and mounted on poly-L-lysine-coated slides. After fixation with acetone/chloroform for 3 minutes, sections were incubated for 2 hours with the following antibodies: monoclonal antibody to mouse CD68 (macrophage marker, clone FA-11, dilution 1:50; Hycult Biotechnology), goat biotinylated anti-mouse CRG-2/IP10 antibody (dilution 1:25; R&D Systems), monoclonal antibody to mouse Dectin-1 (clone 2A11, dilution 1:50; Hycult Biotechnology), rat monoclonal antibody to mouse IL-10 (clone JES5-2A5, dilution 1:200; Serotec), rabbit polyclonal to mouse NOS 2 (N-20; dilution 1:10; Santa Cruz Biotechnology), monoclonal antibody to mouse MGL1 (dilution 1:10; a kind gift of Dr Pieter Leenen, Erasmus MC, Rotterdam; and Dr Geert Raes, Vrije Universiteit Brussel), 26 goat polyclonal biotinylated anti-mouse CXCL9/ MIG antibody (dilution 1:10; R&D Systems), goat polyclonal biotinylated anti-mouse CXCL16 antibody (dilution 1:5; R&D Systems), goat polyclonal biotinylated anti-mouse CCL2/JE/MCP-1 antibody (dilution 1:5; R&D Systems), goat polyclonal anti-mouse CCL5/RANTES antibody (dilution 1:20; R&D Systems). For immunohistochemistry, the staining was revealed by using specific secondary antibodies with 3-3Ј diaminobenzidine as chromogen. For laser confocal analysis, the specific secondary antibodies were used: Alexa Fluor 488 goat antimouse, antirabbit, and anti-rabbit streptavidin conjugated, and Alexa 647 antimouse, antirabbit, and anti-rabbit streptavidin conjugated. Negative controls were obtained by using isotype-matched primary antibodies.
Results
TAM transcriptome shows a characteristic gene expression profile
RNA from TAMs and thioglycollate-elicited PECs (used as control population) was subjected to microarray analysis using a murine 10 000-gene National Cancer Institute (NCI) slide as described in "RNA isolation and cDNA microarray." The comparison between PECs and TAMs revealed qualitative and quantitative differences in their transcriptomes and only the significantly modulated genes of immunologic relevance were further investigated. As summarized in Table 1 Table 1 ). As shown in Figure 1 , hierarchical clustering confirmed that the TAM profile was consistently observed in 4 different experiments.
Based on the TAM microarray profile, further investigation on expression of the genes coding for chemokines/cytokines/ growth factors (Ccl2, Ccl5, Cxcl10, Il-10, Mif) and surface molecules (Cd81, Msr2, C1qa, Ly6e and H2Eb1 [MHC-II]) was performed by real-time PCR. Figure 2A shows the relative mRNA expression levels of these genes in TAMs and PECs. The results demonstrated consistently higher mRNA expression for all the above genes in resting TAMs compared with PECs. Similar results were obtained when resident peritoneal macrophages were used (not shown). In addition, the up-regulation of 2 other interferon-inducible chemokine genes, Cxcl9 and Cxcl16, was also detected in TAMs by RT-PCR. The gene expression profile for TAMs was also reflected in terms of protein secretion. ELISA for the chemokine/cytokine-associated genes clearly confirmed significantly higher levels of CCL2, CCL5, CXCL9, CXCL10, CXCL16, and IL-10 proteins in the supernatants from TAMs compared with PECs ( Figure 2B ).
Characterization of TAMs in vivo
In an effort to assess the in vivo relevance of the present, as well as previous, in vitro characterization of TAMs, we performed immunohistochemical evaluation of M1 and M2 markers on frozen tumor sections. Dectin-1, MGL1, and IL-10 were chosen as M2 markers. 4, 26, 27 We also investigated NOS2, CCL2, CCL5, CXCL9, CXCL10, and CXCL16, which are generally associated with an M1 phenotype although they are also expressed in TAMs. Dectin-1 is the major macrophage receptor for betaglucans and was found to be highly up-regulated by GM-CSF and by the cytokines that induce alternative macrophage activation, IL-4 and IL-13. 27 MGL1 is a member of the mouse macrophage galactose-type C-type lectin gene family and is induced in diverse M2 macrophage population during infection with the protozoan Trypanosoma brucei or the Helminth Taenia crassiceps or exposure to IL-4 and IL-13. 26 As shown in Figure  3A , the MN/MCA1 fibrosarcoma was highly infiltrated by CD68 ϩ cells, corresponding to TAMs. In addition, we observed a high number of Dectin-1 ϩ cells as well as a significant positivity for MGL1 and IL-10. As confirmed by confocal microscopy ( Figure 3B ), CD68 expression colocalized with Dectin-1, MGL, and IL-10 on a significant number of cells. As shown, we also observed islets of either CCL2, CCL5, CXCL9, CXCL10, and CXCL16, or NOS2-positive cells ( Figure 3A ). To note, while CCL2, CCL5, CXCL9, CXCL10, and CXCL16 colocalized with CD68 on a significant number of cells, only sporadically could we observe colocalization of small spots of NOS2 on CD68 ϩ cells ( Figure 3B ). Thus, analysis of TAMs in vivo is consistent with in vitro profiling and suggests that TAMs express a mixed phenotype, with key properties of M2 cells (eg, MGL-1 high , scavenger receptor high IL-10 high , IL-12 low ), coexpressed with IFN-inducible chemokines.
LPS responsiveness of TAMs
We have previously shown that TAMs express defective IL-12 production and NF-B activation. 11 Based on this, it was important to characterize the transcriptome profile of TAMs in response to proinflammatory signals, such as LPS. Three types of array experiments were performed: untreated PECs versus LPS-treated PECs, untreated TAMs versus LPStreated TAMs, and LPS-treated PECs versus LPS-treated TAMs.
Results from these experiments showed the induction of a The values corresponding to each gene represent its expression levels in terms of the averaged log 2 ratio of Cy5/Cy3 intensities across all the microarray experiments. Stringency limits for significant gene modulation were as follows: mean ratio of Cy5/Cy3 intensity Ն2.5 for up-regulated genes and Յ0.4 for down-regulated genes. For personal use only. on April 19, 2017 . by guest www.bloodjournal.org From common set of LPS-inducible genes in both PECs and TAMs. However, quantitative estimate of the total LPS-inducible genes in both of the transcriptomes showed a significantly lower number of induced genes in TAMs (263) compared with PECs (692; Figure 4A ). More importantly, among the common set of LPS-inducible genes, the TAM profile showed a significantly lower level of expression of several proinflammatory genes such as Tnfa; Il1b; Ccl3, 6, and 9; Slpi; and ROI-related genes like Sod2 and Mt2 compared with PECs (Table 2) . Real-time PCR analysis for several proinflammatory genes validated the above gene expression profile. Figure 4B demonstrates that LPStreated TAMs not only expressed lower mRNA levels for Tnfa, Il1b, Il6, and Ccl3 genes but high mRNA expression of anti-inflammatory cytokines IL-10 and TGF␤1. For the IL12p40 gene, mRNA expression was studied in response to IFN-␥ plus LPS treatment, as stimulation with LPS alone yielded poor mRNA expression. In accordance to an earlier report, 11 TAMs showed decreased IL-12p40 mRNA expression compared with the PECs. High mRNA expression of Ccl2, Ccl5, Cxcl9, Cxcl10, and Cxcl16 in the LPS-treated TAMs, as opposed to their PEC counterpart, was also detectable by RT-PCR. Finally, confirmation of the above results by ELISA demonstrated impaired expression of proinflammatory molecules IL-12p70, TNF-␣, IL-6, and CCL3 but high expression of anti-inflammatory cytokine IL-10 as well as CCL2 and the IFN-inducible chemokines CCL5, CXCL9, CXCL10, and CXCL16 in the LPSstimulated TAM supernatants ( Figure 4C ).
TAMs express defective NF-B and enhanced IRF-3/STAT1 activation
To investigate the mechanistic basis of the TAM phenotype, we carried out a biochemical dissection of the signal transduction process in both PECs and TAMs upon activation with LPS. LPS signaling through the TLR4 receptor leads to the MyD88-dependent activation of NF-B, a key transcription factor for the expression of most proinflammatory genes. 28 In parallel, TLR4 engagement also promotes the MyD88-independent transcription of interferon-inducible chemokines (eg, CCL2, CCL5, CXCL10) through the activation of IRF-3 and STAT1. 17, 29, 30 The activation of IRF-3 was studied by visualizing its nuclear translocation in TAMs by laser confocal microscopy. Untreated and LPS-treated PECs were used as controls. Figure 5A (bottom panel) shows massive nuclear translocation of IRF-3 at 2 hours following stimulation of TAMs with 100 ng/mL LPS, indicating its activation. Expression of interferon-inducible chemokines requires activation of STAT1 transcription factor. 31 We investigated the activation of STAT1 and its expression in untreated or LPS-treated PECs and TAMs. As shown in Figure 5B , time kinetics for STAT1 activation using an anti-phospho-STAT1 antibody revealed a significantly higher STAT1 phosphorylation in LPS-treated TAMs (30-60 minutes of Significantly modulated genes from the TAM transcriptome were clustered into a hierarchical representation, generated by the online NCI-MADB facility. 23 Each column represents a particular experiment, whereas each row corresponds to the expression of a particular gene across different experiments. Gene names are indicated on the right. The color bar at the bottom left corner of the diagram correlates the degree of gene expression with the color scheme: up-regulated genes are represented in red, down-regulated genes in green, and unmodulated genes in black.
BLOOD, 1 MARCH 2006 ⅐ VOLUME 107, NUMBER 5 For personal use only. on April 19, 2017 . by guest www.bloodjournal.org From stimulation) than in treated PECs. Furthermore, constitutive phospho-STAT1 expression was detectable in unstimulated TAMs as opposed to PECs. Reblotting for STAT1 and actin expression confirmed equal loading.
The functioning of the MyD88-dependent pathway was investigated by tracing the downstream activation of NF-B in LPSstimulated cells. Nuclear translocation of p65 NF-B subunit is a prerequisite for NF-B activation. Western blot detection for p65 NF-B subunit in the nuclear extracts of LPS-stimulated PECs and TAMs showed significantly delayed time kinetics for the nuclear translocation of p65 in TAMs, which was indicative of a defective NF-B activity in these cells ( Figure 5C ). This observation is in The bar graph presents a quantitative account of the gene modulations in PEC and TAM transcriptomes upon activation with LPS (100 ng/mL) for 4 hours. The data are representative of the microarray experiments described in Table 2 . (B) Real-time PCR and (C) ELISA validation of few LPS-induced cytokine/chemokine genes in PECs and TAMs. The same pool of 4-hour LPS-stimulated PEC and TAM RNA used in the array was subjected to real-time PCR analysis for the indicated genes. All data were normalized with regard to ␤-actin gene expression. Results are given as fold increase in mRNA levels with respect to the untreated PECs. For ELISA, the culture supernatants of untreated or LPS-treated PECs and TAMs were collected following overnight incubation and determined for the indicated proteins. ND indicates not determined; Unt, untreated. LPS (100 ng/mL). Data are mean Ϯ SD, representative of 3 independent experiments done in triplicate (PECs vs TAMs, P Ͻ .05). *For IL-12 real-time PCR and ELISA, the values correspond to IFN-␥-primed LPS treatment for PECs and TAMs (see "Results"). agreement with our previous report on defective NF-B activation in TAMs. 11 Taken together, these results suggest a defective MyD88-dependent NF-B pathway but a functional MyD88-independent pathway in TAMs. Divergent regulation of NF-B and IRF-3/STAT1 is likely to underlie the differential gene expression profile of TAMs.
Profiling TAMs versus myeloid suppressor cells
Several reports have identified an M2-biased cell population in lymphoid organs of tumor-bearing hosts referred to as the myeloid suppressor cells (MSCs), which are suggested to contribute to the immunosuppressive phenotype. 16 In an effort to put TAM profiling in a more general contest, we compared the TAMs with this cell population, with respect to their ability to express typical M2 genes, upon skewing by the M2 stimulus IL-4. As shown in Figure 6 , resting TAMs expressed higher levels of Arg1, Fizz1, Ccl22, Il10, and Tgfb1 compared with MSCs. IL-4 treatment induced significant expression of M2 gene subset, Arg1, Fizz1, Ym1, Ccl22, Il10, and Tgfb1, which was comparable to (or even higher than) that of IL-4-treated myeloid suppressor cells (MSC2), a prototypic M2 population. 16 This suggested that the TAMs were prone to M2 skewing compared with other M2 subpopulations, thus indicating their type II/M2 bias. However, interesting differences between the MSCs and TAMs were also evident. In particular, the expression of Ccl22 was significantly higher in the IL-4-treated TAMs in comparison with the M2-skewed MSC2 cells. Moreover, TGF␤ expression was restricted to unstimulated TAMs and was not further increased by M2-biasing cytokines.
Due to the capability of TAMs to coexpress both M2-related genes and IFN-inducible M1 chemokines, LPS-activated TAMs and LPS-activated MSCs were compared for the expression of CCL2, CCL5, CXCL9, CXCL10, and CXCL16 ( Figure 6B ). As shown, following LPS activation, both TAMs and MSCs displayed appreciable levels of IFN-inducible chemokines. The values corresponding to each gene represents gene modulation expressed in terms of the averaged log 2 ratio of Cy5/Cy3 intensities across all the microarray experiments. Stringency limits for significant gene modulation were as follows: mean ratio of Cy5/Cy3 intensities Ն 2.5 for up-regulated genes and Յ 0.4 for down-regulated genes. Data shown are representative of 6 independent experiments.
*Expression values shown for the gene checked by real-time PCR.
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Discussion
The results reported here show that TAMs from a murine sarcoma express a unique transcriptional profile. Resting TAMs showed higher expression of genes coding for immunosuppressive cytokines (Il10, Tgfbi), phagocytosis-related receptors/molecules (Msr2 and C1q), and inflammatory chemokines (Ccl2 and Ccl5), as expected, as well as, unexpectedly, IFN-inducible chemokines (Cxcl9, Cxcl10, Cxcl16). Compared with PECs, LPS-mediated activation of TAMs resulted in defective expression of several proinflammatory cytokines (eg, IL-1␤, IL-6, TNF-␣) and chemokines (eg, CCL3) and in the strong up-regulation of immunosuppressive cytokines (IL-10, TGF␤) and IFN-inducible chemokines (CCL5, CXCL9, CXCL10, and CXCL16). This functional profile was associated with defective activation of NF-B and full activation of the MyD88-independent IRF-3 and STAT1 pathway.
The isolation procedure may have affected the profile and properties of TAMs; however, PECs that underwent the same isolation procedure did not show the same phenotype. Moreover, immunohistology has confirmed in this and other tumors key features of the TAM phenotype (eg, IL-12 low , TNF-␣ low , CCL2 high , CCL5 high , CXCL9 high , CXCL10 high , CXCL16 high , Dectin-1 high , IL-10 high , MGL1 high , NOS2 low ; Figure 3 ; Kataki et al 32 and Kunz et al 33 ) . Therefore it is likely that the transcriptome of TAMs described in the present study is representative of cells in situ.
Several lines of evidence suggest that TNF-␣ and IL-1␤ can play a role in tumor progression. 34 TAMs have a TNF low phenotype in this and other studies in murine and human tumors. 4 It is important to emphasize that TNF-␣ is generally not discriminatory between M1 and M2 macrophages, since at least one form of M2 polarization is characterized by a TNF high phenotype. 2, 6 Due to its capability to induce hemorrhagic necrosis and to stimulate antitumor immunity, 35 locoregional administration of high doses of TNF-␣ is being used for the treatment of patients with locally advanced solid tumors. 36 This therapeutic approach is apparently in contrast with preclinical findings suggesting that TNF-␣ may act as endogenous tumor promoter (eg, in ovarian and breast cancers). 35 However, lowdose TNF-␣ was reported to promote the proliferation of some malignant cell lines. 36, 37 This evidence suggests a biphasic and dosedependent effect of TNF-␣ on tumor progression and indicates that low TNF-␣ production by TAMs, as observed in the present and previous studies, 4, 32, 35 may be optimal to promote tumor growth and metastasis. As the level of TNF-␣ production by TAMs may vary among tumors of different origin and different stages, it is likely to represent a determinant for the "balance" of protumoral versus antitumoral activities expressed by TAMs.
The expression profile of TAMs included genes not previously reported in this population. For instance, TAMs expressed Ly6a, e and CD81, which play a role in the interaction of antigen-presenting cells with T cells and in maintenance of T-helper 2 (Th2) phenotype. 38, 39 Therefore, these molecules may contribute to skewing the adaptive immune response at the tumor site in a Th2 direction. For personal use only. on April 19, 2017 . by guest www.bloodjournal.org From A prominent set of genes expressed in TAMs were chemokines (Ccl2, Ccl5, Cxcl9, Cxcl10, Cxcl16), a finding confirmed at the protein level (Figure 2 ) and by immunohistochemistry (Figure 3) . By producing chemokines such as CCL2, TAMs are likely to sustain and amplify tumor-elicited monocyte recruitment. CCL2 and CXCL10 have contrasting effects on angiogenesis. [40] [41] [42] [43] [44] [45] TAM production of these chemokines may tune new vessel formation and contribute to the irregular distribution and shape of tumor microvessels.
When LPS was used, an extensively characterized [46] [47] [48] activation signal, TAMs showed quantitative and qualitative differences compared with PECs. The set of LPS-regulated genes was considerably smaller in TAMs compared with PECs. Moreover, a set of proinflammatory genes (chemokine/cytokine genes like Tnfa, Il1b, Ccl3, Ccl6, Ccl9; the oxidative burst-related genes Sod2, Lysz, Mt2; and several other LPS-inducible genes like Slpi, Timp1) were weakly induced in TAMs compared with PECs, whereas genes related to immunosuppression (Il10 and Tgfbi) showed a stronger up-regulation in TAMs versus PECs (Table 2) . These results confirm and extend previous observation 4, 11 and are consistent with the view that TAMs are part of mechanisms of inhibition and diversion of specific immunity. LPS was used in the present study as a classic model of activation stimulus for TAMs. LPS is recognized by TLR4, which reportedly also interacts with components present in the tumor microenvironment (eg, hsp and derivatives of fibrinogen). [18] [19] [20] [21] In addition, and perhaps more interestingly, there is at present renewed interest for TLR agonists as immunotherapeutic agents in cancer. 49, 50 Hence, definition of the microenvironmental and signaling pathways responsible for the altered responsiveness of TAMs to TLR4 agonists may be relevant to the design of therapeutic strategies aimed at boosting innate and adaptive immunity against tumors.
Macrophage polarization into M1 and M2 cells provides a useful conceptual framework for the plasticity of mononuclear phagocytes. 4 However, different versions of M2 cells have been described and the M1-M2 paradigm should be viewed as an operationally useful scheme.
The in vitro and in vivo results obtained in the present study, with resting and LPS-activated cells, are generally consistent with the view of TAMs as a unique and distinct polarized M2 population (IL-12 low , TNF-␣ low , NOS2 low , IL-10 high , Dectin-1 high , MGL1 high , TGF-␤ high , scavenger receptor high ), characterized at variance with classic M2 cells by high levels of IFN-inducible chemokines. Scavenger receptors are generally up-regulated in M2-polarized macrophages. However, unexpectedly, TAMs showed high levels of CXCL10 and related chemokines, identified and characterized as IFN inducible. 17 Thus, TAMs represent a unique macrophage population with key properties of M2 cells, which coexpress IFN-inducible chemokines. Interestingly, under M1-and M2-polarizing conditions (IL-4 versus LPS), MSCs also display the capability to express M1-and M2-associated molecules.
Signaling was investigated in an effort to define the molecular basis for the distinct phenotype of TAMs. NF-B was not constitutively activated in TAMs and its activation in response to prototypic stimulus LPS was defective, in agreement with previous observations. 4,11 p65 NF-B translocation to the nucleus was delayed in LPS-stimulated TAMs. This finding, as well as delayed IB␣ phosphorylation (data not shown), is reminiscent of the phenotype of MyD88-deficient macrophages. 51 In contrast, TAMs showed appreciable levels of baseline STAT1 phosphorylation and, upon exposure to LPS, prominent IRF-3 translocation and STAT1 phosphorylation. Thus, TAMs show a unique dissociation of LPS signaling, with impaired MyD88-dependent NF-B activation and full function of the MyD88-independent IRF-3 pathway. This molecular phenotype is consistent with the distinct transcriptional profile of LPS-activated TAMs, characterized by low inflammatory cytokine (eg, IL-12, TNF-␣) induction as well as constitutive and inducible production of molecules such as CCL2, CCL5, CXCL9, CXCL10, and CXCL16.
Lack of constitutive NF-B activity and defective NF-B activation in response to LPS in TAMs is consistent with previous results in mouse and human tumors. 4, 11 These findings may seem at odds with recent results demonstrating a key role of the NF-B pathway in liver and colon carcinogenesis. 52, 53 In particular, lineage-restricted inactivation of IKK␤ revealed a nonredundant role of NF-B activation in myeloid cells in colon carcinogenesis, 53 an observation generally consistent with a protumor function of inflammatory reactions and TAMs in particular. 34, 35, 54 This apparent discrepancy may reflect the different tumor systems investigated (spontaneous versus transplanted; carcinoma versus sarcomas), with differential involvement of different polarized inflammatory reactions. Alternatively, and more likely, vigorous NF-B-dependent reactions underlie the overt inflammation that facilitates the early steps of colon carcinogenesis, but established neoplasia is propelled by a smoldering M2-polarized inflammatory milieu.
